In the course of the last thirty years, light scattering techniques have been used with increasing effort and attention for the measurement of the thermophysical properties of pure fluids and fluid mixtures. Here, an introduction is given to dynamic light scattering (DLS) as a valuable tool for the measurement of diffusion processes. First, the basic principles of the method and its experimental realization are presented in some detail. A survey on various applications is given, which especially are related to the determination of transport and other thermophysical properties of transparent fluids. Selected measurements and results are shown for the determination of the thermal diffusivity a in pure fluids and fluid mixtures. For the latter the experimental conditions can turn out to be more complex. The measurement of the mutual diffusion coefficient D 12 in binary fluid mixtures, however, is also treated with the simultaneous determination of a which can be realized under certain conditions. In this context beside results for fluids of technical interest, e.g., alternative refrigerants, typical measurements within the critical region for a binary fluid mixture along the critical isochor and a critical separation system are highlighted. Beside a and D 12 the application of light scattering from bulk fluids on a molecular level gives also information about sound speed c S , sound attenuation D S , and Landau-Placzek ratio S. For these properties some results from DLS are renewed for the hydrofluorocarbons 1,1,1,2-tetrafluoroethane and pentafluoroethane. Additionally, the measurement of the dynamic viscosity η based on the determination of the diffusion coefficient D P of suspended seed particles is demonstrated for selected pure fluids. The application of DLS to a liquid-vapor interface, also called surface light scattering (SLS), for the simultaneous determination of liquid kinematic viscosity ν and surface tension σ is demonstrated for the important and, thus, well-documented reference fluid toluene, pure refrigerants and their mixtures, and a high viscosity fluid. These measurements demonstrate an excellent performance of the SLS-technique regarding both the achievable high accuracy and the application over a wide range of viscosity.
Introduction
Diffusion measurements in fluids mainly stand for the accurate determination of transport properties. Important quantities are the thermal diffusivity a, the mutual diffusion coefficient D 12 , the sound attenuation D S , the particle diffusion coefficient D P , and the dynamic viscosity η or kinematic viscosity ν. A fundamental problem which arises with the conventional determination of these quantities is that a gradient has to be applied which must be large enough to give rise to a measurable effect and small enough to cause only very little perturbation in the system under investigation. This difficulty is strongly enhanced in the vicinity of critical points, where induced gradients may make any reasonable measurement impossible. However, information collected in these regions is of great importance both for a fundamental understanding of critical phenomena and for setting up correlations for the individual properties of a substance.
A very successful approach to overcome these limitations is the application of light scattering techniques [1] [2] [3] [4] . A fundamental advantage of these methods is given by the fact that these may be used in thermodynamic equilibrium. They make use of microscopic statistical fluctuations, which may be related to various diffusive processes and thus to the transport properties to be measured. The basic justification for this relation is Onsager's regression hypothesis [5] , which states that, on a statistical average, microscopic fluctuations are governed by the very same macroscopic transport equations and which has been confirmed also by light scattering investigations.
Basic Principles
In the following, the underlying theory of dynamic light scattering (DLS) from bulk fluids and the application of this method to fluid surfaces also called surface light scattering (SLS) is briefly summarized. For a more detailed and comprehensive description the reader is referred to the specialized literature [6] [7] [8] [9] .
Spectra of Scattered Light

Light Scattering from Bulk Fluids
When a fluid sample in macroscopic thermodynamic equilibrium is irradiated by coherent laser light, light scattered from the sample can be observed in all directions. The underlying scattering process is governed by microscopic fluctuations of temperature (or entropy), of pressure, and of species concentration in mixtures. The relaxation of these statistical fluctuations follow the same laws which are valid for the relaxation of macroscopic systems. Thus, the decay of temperature fluctuations is governed by the thermal diffusivity a. Pressure fluctuations in fluids are moving with sound speed c S and their decay is governed by the sound attenuation D S . In the case of a binary fluid mixture, the decay of fluctuations in concentration is governed by the mutual diffusion coefficient D 12 .
A typical scattering geometry for light scattering from bulk fluids is shown in Fig. 1 . With the scattering angle The above-mentioned equalization processes result in a characteristic spectrum of the scattered light [6] , which is shown schematically in Fig. 2 . The temperature and/or concentration fluctuations contribute to the central or unshifted Rayleigh component of When adding seed particles to the fluid, the spectrum of scattered light is normally dominated by the particle scattering process resulting in a frequency unshifted line. For monodisperse spherical particles the line exhibits a pure Lorentzian shape and its width,
, is governed by the tanslational particle diffusion coefficient P , which is related via the Stokes-Einstein equation,
, with dynamic viscosity η, particle diameter d, Boltzmann's constant k B , and temperature T [ , ] . Thus, several different thermophysical properties of interest can be found nearly simultaneously by analysing the spectrum of the scattered light. 
Light Scattering by Surface Waves
Surface light scattering (SLS) is a technique which is closely related to DLS in its classical meaning. The difference is that this technique probes, as the name indicates, fluctuations on the surface of a liquid or, in a more general formulation, at phase boundaries. These fluctuations can be understood as thermally excited capillary waves. Here, for an introduction to the technique a more simplified view is given, which, e.g., neglects the presence of a second fluid phase and thus refers to capillary waves on a free liquid surface. For an exact treatment of the capillary wave problem, necessary for the determination of viscosity and surface tension with high accuracy, the reader is referred to literature [12] [13] [14] .
In macroscopic thermal equilibrium, liquid surfaces exhibit surface waves that are caused by the thermal motion of molecules and that are quantized in so-called "ripplons" [15] . The existence of fluctuations driven by the thermal motion constantly distorts the flat equilibrium state of a surface, and the surface should be rough on average which was first predicted by Smoluchowski in 1908 [16] . A thermally excited surface can be represented by a sum of Fourier components which means a superposition of surface waves with different amplitudes ξ q and wave vectors q a typical range of wavelengths from about 0.1 to 1000 µm; see, e.g., Refs. 8, 17-19. The total root-mean-square amplitude of the surface roughness integrated over all wavelengths, where a lower limit of a few molecular sizes is assumed, is typically between 1 and 100 nm [8] . Of course, the amplitude of a given Fourier component is much smaller.
In order to excite surface fluctuations, work has to be done against the forces acting on a liquid surface. Due to the typically small values of the wavelengths and amplitudes, capillary forces dominate, while gravitational forces can be neglected. For this reason the temporal evolution of surface or capillary waves is governed by surface tension and by surface and bulk viscoelasticity. Depending on the reduced capillary number Y = σ ρ / (4 η 2 q), for the temporal decay of surface fluctuations, two cases may be distinguished. In the case of large viscosity and/or small surface tension when Y ≤ 0.145, the amplitude of surface waves is damped exponentially, while in the case of small viscosity and/or large surface tension when Y > 0.145, the amplitude decays in the form of a damped oscillation.
The scattering geometry typically used for light scattering experiments on liquid surfaces is shown in Fig. 3 , where scattered light is observed near reflection. By choice of the angle of incidence ε and the scattering angle S Θ , the scattering vector ) in the surface plane, respectively. For the observation of scattered light within the irradiation plane and assuming elastic scattering (i.e., ), the modulus of the scattering vector is given by [
where n is the fluid refractive index and 0 λ is the laser wavelength in vacuo.
The optical or first-order power spectrum of the scattered electric field at a point in the far field reflects ideally the power spectrum of a particular surface mode. An exponential decay of surface waves results solely in a broadening of the spectrum, 
Correlation Technique
The use of classical interference spectroscopy (Fabry-Perot spectroscopy), where one first spectrally filters the scattered light and then measures the intensity at a given frequency ω transmitted by the filter, seems to be the straightforward way to analyse the spectra of scattered light. Yet, this pre-detection filtering scheme is only possible under special conditions, for instance for light scattering from bulk fluids in the transition region from the kinetic to the hydrodynamic regime where the Rayleigh line is relatively broad [22, 23] . Usually, the width of the Rayleigh lines of order MHz or below for most cases of practical interest is such small that it is far beyond the resolving power of FabryPerot interferometers. This is the reason for analyzing the spectrum of the scattered light in a post-detection filtering scheme, where the total intensity is first detected and the detector signal is later filtered and processed. In this type of detection one measures optional the second-order power spectrum of the scattered light or, as in the following is described in some detail, the time-dependent intensity correlation function which also is named second-order correlation function
The brackets indicate the time average of the product ) ( ) (
of the time-dependent intensity at two times t and
The spectral range has an upper limit of about 20 MHz, corresponding to the time resolution of the correlator instrument.
In a realistic experimental situation besides the light scattered from the fluctuations in a sample there may also be a contribution from stray light, e.g., from dust on the cell windows or from the cell windows themselves. Therefore, for a general description, we consider a local oscillator field coherent with the incident electric field. In terms of the total electric field )
, which represents a superposition of the scattered electric field with the local oscillator field , the intensity or, more precisely, the radiative flux,
measured by a detector is given by
, (5) where the asterisk denotes the complex conjugate variable, c the speed of light, and ε the permittivity of the medium. and can be specified more precisely with the help of the electric field of the incident light and the characteristic time behavior of the fluctuations observed [
. By using some mathematical manipulations and fundamental relations it appears that the intensity correlation function accessible in light scattering experiments gives access to the correlation function of the fluctuations observed. For Eq. (3) one obtains
where I S , I LO , and
are the time average of the intensity of the scattered light, the time average of the intensity of the local oscillator, and the normalized correlation function of the fluctuations observed. In deriving Eq. (6) it has been assumed that only one individual component dominates the spectrum of scattered light. This is equivalent to say that only fluctuations in one property of the medium cause fluctuations in the scattered light intensity.
Light Scattering from Bulk Fluids
In the case of a fluid in the hydrodynamic regime where the mean free path 0 of the molecules is much smaller than the reciprocal value of the modulus of the scattering vector q ( can be found ultimately from the linearized hydrodynamic equations by applying a Fourier-Laplace analysis [6] . As for many other non-periodic statistical processes, such as for the diffusion of particles in dispersions, also for the statistical fluctuations of temperature (or entropy) and species concentration in a fluid mixture, the normalized time correlation function decays like a single exponential,
where τ C = (D q 2 ) -1 is called the "relaxation time" or the "correlation time" of the property, which reflects the mean decay behavior or life-time of the fluctuations observed. Here, D may be identified to be the thermal diffusivity a, the mutual diffusion coefficient 12 or the particle diffusion coefficient P , respectively. For the local pressure fluctuations at constant entropy, which can be represented, to a good approximation, by propagating sound waves, the normalized time correlation function has the form
where the correlation time τ C = (D S q 2 ) -1 is related to the sound attenuation S . In addition, the frequency 
Light Scattering by Surface Waves
For the hydrodynamic fluctuations on a liquid surface the time correlation functions ) (τ q g can also be found ultimately from the solution of the linearized hydrodynamic equations expressing mass and momentum conservation [8] . Hereby the fluid flow must satisfy boundary conditions that express that normal and tangential stresses exerted on a small element of the interface are identical on the two sides of the surface. In addition, all fluid motion must vanish at an infinite distance from the interface. The theoretical approach, however, neglects the time of propagation and dissipation of the rotational flow in the bulk. This effect can be neglected, except in the region close to the critical damping ( 1 Y ) where the dynamics of surface fluctuations may change between an oscillatory and an over-damped behavior. For this special case, a detailed theoretical treatment of the surface wave problem and its resolution can be found in Ref. 25 .
In the limiting case of small viscosity and/or large surface tension ( ) the normalized correlation function of surface fluctuations on a free liquid surface is given by
where the correlation time τ C = (2 ν q For this overdamped case the lifetime of "ripplons" is given by
For a reliable determination of viscosity and surface tension a more detailed and rigorous consideration of the surface light scattering method than given by Eq. (9) and (10) has to be applied. Here, the reader is referred to literature, see, e.g., Ref. 12-14. Actually, even the correlation function ) (τ q g of a pure fluid does not consist of a simple exponential or damped oscillation, as the fluctuations in pressure and temperature are present simultaneously. The situation complicates, when fluid mixtures or particle dispersions are considered. However, as decay times and/or signal amplitudes are vastly different in many experimental situations, the ACF in a time interval of interest may often be analysed in terms of a simple exponential. This point will be described in more detail in the following sections.
Homodyne and Heterodyne Techniques
As can be seen from Eq. (6) in the presence of a local oscillator field the intensity correlation function consists of three terms, the constant term (I S + I LO ) 2 , the term
, which is due to the scattered light alone and is denoted as homodyne term, and the heterodyne term 2I S I LO g q (τ). In the case that the correlation function of the hydrodynamic fluctuations ) ( q τ g decays like a single exponential we have the situation with two exponential functions with decay times different by a factor of two. As it is very difficult to extract reliable information from a sum of two exponentials with decay times of the same order of magnitude, the aim of the experimenter is to meet a situation where one of the exponentials clearly dominates. Either, one has to design the experiment in a way that only light from the sample itself is collected by the detector S LO . In this homodyne case, which may be the easier realized the larger the scattering cross section of the fluctuations is, the normalized intensity correlation function takes the form
Alternatively, the strict heterodyne case is achieved. This will be done, if the signal is comparatively weak, and may be accomplished by deliberately adding part of the incident beam to the detected signal in a way that . Now the normalized intensity correlation function has the form
It is crucial, however, in either case to make sure that one contribution clearly dominates.
If not, there may be a considerable error, as the decay time determined from a fit to a supposed single exponential may be anywhere in between the two cases. The derivation of Eq. (11) and (12), however, makes implicitly use of two idealizing assumptions, which in general do not hold. One simplification is that the scattered light is detected at a point in the far field. In practice, both the scattering volume and the area of detection are finite, which results in a deviation from an ideal coherent detection. Thus, there is an averaging effect with a reduction of the contrast b = g (2) (0) − 1 as compared to the value for a perfect registration. The deviation of b from 1 or in the case of a LO S / 2 I I homodyne or heterodyne detection scheme, respectively, also takes into account effects of a finite speed of signal processing. Another simplification is the assumption of a constant intensity of the incident light. Slow fluctuations in the light source result in a deviation of the baseline from the ideal value 1 for the correlation function. Here, another adjustable parameter a is introduced in practice. Thus, a practical ACF takes the form )
The application of the heterodyne technique is especially useful for the evaluation of the periodic pressure fluctuations at constant entropy, which are responsible for the Brillouin components of the spectrum. In the case of a pure fluid a usual homodyne intensity ACF exhibits terms due to both pressure and temperature Due to the usually small frequency separation of the shifted Brillouin-lines in the scattering spectrum for surface waves commonly no frequency shift of the coherent reference light is necessary.
The Dynamic Light Scattering Experiment 3.1. Setup
In this section only some information is given on the design of a light scattering apparatus. The exact choice of the individual components naturally depends strongly on the exact goal of the experiments, i.e., which property is to be measured. For details on the selection of the main components the reader is referred to literature [9] . A possible setup is displayed schematically in Fig. 5 .
The main portion of the laser light is irradiated into a thermostated sample cell, beam splitters allow to add some reference light for a heterodyne detection, the frequency of which may be shifted for measurements on the Brillouin lines. Part of the scattered light is imaged, in the simplest case only by means of two circular stops, onto a detector, Figure 5 Possible setup for a dynamic light scattering experiment conventionally a photo multiplier tube. The signal is amplified, discriminated and fed into the correlator, a special purpose computer for the computation of the ACF.
Data Evaluation
A central quantity for the evaluation of correlation functions is the decay time C τ . In order to be able to extract this quantity with high accuracy, it is desirable to ensure experimental conditions where the ACF takes the form of a simple exponential. A curve of form ) / exp(
is then fitted to the experimental ACF, which may be done using a non-linear algorithm according to Marquard and Levenberg [26] . In this context it is of great importance to make sure that the correlation function actually matches the theoretical model; if this does not hold there is a clear indication that the experiment cannot be relied on. A possible way to perform this check is to transform the experimental correlation function according to g (2) (τ) → ln [g (2) (τ) − 1] and to fit a polynom to this expression. In this method of cumulants [27] all orders higher than linear should vanish for a pure exponential and from the quadratic and the linear cofficient a quality factor may be built up to quantify deviations. However, there are two major problems connected with this approach. Firstly, it relies on a value of exactly one for the baseline; even small deviations, which may not affect the measurement in the time interval of interest, may result in erroneously bad values for the quality factor. Secondly, the transformation is basically restricted to positive values of g (2) (τ) − 1; with experimental noise given, the cumulant expansion is restricted to a limited interval of lagtimes C / τ τ . A different approach, which overcomes these problems is to fit an exponential to various lag time intervals [28] . The experimental ACF is only regarded to match the Figure 6 Example for the multi-fit approach for the evaluation of correlation functions. Insert on bottom left shows the residuals of experimental data and fit, which is free of systematic deviations. The insert on bottom right shows the deviation of the decay times determined from the mean value, when the fit is performed up to different lag times. The insert on top right shows the multi-fit procedure for the begin of the fit. theoretical form if the decay times obtained for these different intervals agree within a certain value given. Moreover, the standard deviation of the single fit may be regarded as a measure of quality, which takes into account both the statistical quality of the experimental data and possible systematic deviations. An example for this procedure is given for a heterodyne detection scheme in Fig. 6 , where a correlator with a single-tau structure has been used.
Another important question is that for the time interval that should be employed for the fit. If too many channels at large lag-times are omitted, there will be a significant loss of information; if the fit is extended too much into the background, noisy data without relevance are included. For the multi-fit procedure it has turned out to be advantageous if a span of about 2-6 decay times is regarded in the evaluation. This ensures that all relevant information is included and that possible deviations from a single exponential can be detected reliably.
Thermophysical Properties Measured by DLS 4.1. Thermal Diffusivity
The thermal diffusivity a is the transport property for which the development of the DLS technique is probably most advanced and where measurements can be carried out routinely over a wide range of temperature and pressure for the liquid phase and, due to the lower signal levels, in an extended vicinity of the critical point for the vapour phase [29] [30] [31] [32] [33] [34] [35] [36] . What makes the measurement of the thermal diffusivity particularly interesting is the fact that it is hardly possible by any other than light scattering techniques to measure this property directly with a comparable accuracy. Other methods access the thermal conductivity λ = a ρ c p , which is related to a by density ρ and isobaric heat capacity c p .
With the exception of measurements in the vicinity of the critical point normally a heterodyne detection scheme is employed so that the correlation function takes the simple form of Eq. (12) . As the measurement of the thermal diffusivity is performed at low scattering angles of about 2.5° to 5° an accurate measurement of the angle of incidence is of major importance. This may be performed by an autocollimation procedure with an uncertainty of order 0.01° resulting in an uncertainty in the thermal diffusivity of about 0.5 % to 1 %. The other major source of error is the determination of the decay time. If the correlation function is free from systematic error the uncertainty in the determination of C τ is given by the signal and the experimental duration. Depending on the equipment used, the scattering cross section of the fluctuations investigated and the time available for an experimental run, the total uncertainty for a single measurement is of order 1-3 % [32] . If several independent experimental runs are performed, which is superior to running a single experiment over a longer time, this value may of course be improved.
There have been ample applications on the determination of a for a wide range of fluids. DLS has especially contributed to an improvement in the data situation for new refrigerants [34] [35] [36] [37] [38] [39] . An example is given in Fig. 7 , where measurements on pure refrigerants and their mixtures with less environmental impact are shown.
Whereas the measurement of a in pure fluids is basically a straightforward task, this is clearly more difficult in fluid mixtures. Even in the simplest case of a binary fluid mixture and neglecting the Brillouin component, the heterodyne correlation function takes the form of a sum of two exponentials ,
where the subscripts t and c denote the contributions from temperature and concentration fluctuations, respectively. It is obvious that even for this simplified function the determination of the decay time τ c,t is more complicated and associated with a higher degree of uncertainty than in the case of a pure fluid, because a larger number of parameters are to be fitted. The situation becomes easier if the refractive indices of the two components nearly match, as the signal from the concentration fluctuations may then be treated as a low-amplitude perturbation. A possible approach is to expand the 
results [40] . The thermal diffusivity of a refrigerant mixture of R125 and R143a measured in that way is shown in Fig. 8 . The experimental results were used for the validation of a prediction method which can be used in a straightforward way to obtain accurate information on different thermophysical properties of multicomponent mixtures over a wide temperature range in the two-phase region up to the critical point [39] . It is also possible to measure a in mixtures with a larger difference in refractive index. Naturally, this is connected with a loss of accuracy and comes to a limit, when the signal due to temperature fluctuations is much weaker than that by concentration fluctuations.
Mutual Diffusion Coefficient
The problems encountered in measuring the mutual diffusion coefficient D 12 are of a similar nature as those of measuring the thermal diffusivity of mixtures. In either case there are basically signals from both temperature and concentration fluctuations. As the mutual diffusion coefficient is in general at least one order of magnitude smaller than the thermal diffusivity, larger angles may be chosen for the determination of this property. It is especially interesting, however, to perform the measurements with an identical setup as for a, as both properties may then be measured simultaneously. Whether one succeeds, is again governed by the actual separation of decay times and by the ratio of the signals.
As an example for a binary system with a large difference in the refractive indices, the thermal diffusivity and the mutual diffusion coefficient of an equimolar methane-ethane mixture are shown in Fig. 9 [41] . Measurements were performed over a wide temperature range between the plait critical point at 263.55 K and 310 K along the critical isochore. Due to the small signal amplitude of the fast mode, the thermal diffusivity could be obtained only with a relatively large measurement uncertainty. For the system methaneethane, however, the thermal diffusivity seems to remain finite when asymptotically approaching the plait critical point, while the mass diffusion coefficient reflects the critical slowing down of the order-parameter fluctuations and vanishes.
Figure 9
Thermal diffusivity and mutual diffusion coefficient of an equimolar methaneethane mixture along the critical isochor approaching the plait critical point [41] .
In most instances, especially when the difference of refractive indices is large, the determination of the mutual diffusion coefficient may be performed by standard experiments. Fig. 10 shows the measured temperature dependence of the mutual diffusion coefficient of the separation system n-hexane / nitrobenzene [42] . According to the stability theory of thermodynamics, D 12 disappears at the critical separation point (temperature T C ), which can be clearly seen from Fig. 10 . 
Sound Velocity and Sound Attenuation
For the measurement of sound velocity c S and sound attenuation D S the Brillouin components of the spectrum are probed. As the Brillouin lines are shifted in frequency, a heterodyne technique with a local oscillator, which is also shifted in frequency by means of an acousto-optic modulator, is used [3] . This results in a correlation function in form of a damped oscillation, Eq. (15), where the sound attenuation is determined from the decay-time τ C as usual and the sound velocity is deduced from the known frequency shift by the modulator ω M and the residual mistuning Δω of the correlogram. The simplest way of determining Δω is by applying a Fourier transform to the measured correlation function, where the frequency is found from the maximum of the resulting spectrum [43] . DLS can be used to measure the sound velocity with a small uncertainty of about 0.5 %, and the technique has again been often applied to various refrigerants [34] [35] [36] [37] [38] [39] 44 ]. An example is depicted in Fig. 11 [44] .
In determining the sound attenuation one has to face two problems. One is that due to the large width of the Brillouin lines the decay-time of the correlation function is Figure 11 Sound velocity of R134a in a wide range around the critical point [44] typically only a few hundreds of nanoseconds, even if small scattering angles are employed, which requires the use of fast correlators. The other problem is of a more fundamental nature and is caused by a lack of definition of the scattering vector [3, 45] . Due to the finite width of stops in the detection optics there is always some angular spread, which is a combination of a simple geometrical and a diffraction effect. This uncertainty does not have a significant effect on probing the Rayleigh line, but causes a spread in the position of the Brillouin line. Thus, the linewidth probed in a spectroscopic experiment is a convolution of the distribution of positions and the actual linewidth.
Figure 12
Frequency dispersion with the measurement of sound attenuation; sample: refrigerant R125, saturated liquid at 45°C [45] .
Analyzing the scattered light in time-domain one obtains in the presence of this effect a decay time shorter than associated with the sound attenuation. However, one has to realize experimental conditions, where the angular uncertainty is as small as possible. This may be done by putting the stops in the detection optics as far as 4-6 m apart from each other.
These difficulties result in the fact that the accuracy of measuring D S is limited to about 10 %, which still is a good deal better than by direct spectroscopic methods. Finally, it must be pointed out that all measurements of sound velocity and attenuation are basically dependent on the actual frequency used in the experiment. This dispersion effect has turned out to be negligible for many fluids and the frequencies probed by DLS as the sound velocity is considered, but is marked for the sound attenuation, especially of refrigerants, cf. Fig. 12. 
Landau-Placzek Ratio
The Landau-Placzek ratio S is defined as the ratio of intensities of the Rayleigh (I R ) to Brillouin (I B ) lines and is related to the specific heats c 
Dynamic Viscosity
The determination of the dynamic viscosity η of liquids is in a respect different from the measurement of the other properties treated so far, as it requires the addition of seed particles. The quantity, which is actually measured, is the translational particle diffusion coefficent D P of spherical particles. Thus, two possible fields of applications open here.
One area of research is the determination of particle size distributions and, as macromolecules may be regarded as special particles, the determination of molecular weight [49, 50] . Here, the other application related with particle diffusion coefficients shall be given some more consideration, namely the determination of the dynamic viscosity [51] [52] [53] .
Generally, as D P is orders of magnitude smaller than the other diffusion coefficients in the Rayleigh-Brillouin spectrum, this quantity is normally probed at large scattering angles. Another difference is that for the determination of the viscosity low-power lasers such as He-Ne or diode lasers suffice in most cases, as the scattering cross section of the particles is usually much larger than that of other fluctuations in the fluid itself. Accordingly, a homodyne detection scheme is normally employed, and the measurements are not affected by other components in the spectrum.
A key to a successful determination of the viscosity is the choice of suitable particles in a size range of some 20 nm to 500 nm. These are to be spherical and monodisperse, or at least are to exhibit a narrow size distribution, in order to ensure a correlation function which matches the model of a pure exponential, which is essential for a reliable data evaluation. Moreover, they must be chemically stable and form stable dispersions. For these reasons it is essential to use low particle volume fractions of typically 10 -4 and to vary the particle concentration and/or scattering angle.
An experimental result is shown in Fig. 14 , where the viscosity of n-heptane was measured to check the technique. This liquid was chosen, because there are reliable reference data [54] .
As the numerical value of the mutual diffusion coefficient is in between those of the thermal diffusivity and the particle diffusion coefficient, prospects open of a simultaneous measurement of η and D 12 [ 55] .
Figure 14
Viscosity of liquid n-heptane probed by dynamic light scattering [53] in comparison to reference data [54] .
Viscosity and Surface Tension
Although it has been shown that SLS may be performed in complete analogy to DLS measurements from bulk fluids using an identical set-up [56, 57] , some differing design features are often employed for SLS measurements. One obvious difference is that SLS normally investigates interfaces in horizontal orientation within a sample cell with light impinging from above. Commonly, scattered light is observed near the reflected beam [58] , i.e. also in the top direction, which eases the optical access and is of course essential for non-transparent fluids. Alternatively, for transparent fluids scattered light may be observed close to the direction of the refracted beam [13, 14, 20, 59] , which is advantageous due to stability considerations and scattering intensities. SLS experiments typically use small scattering angles of about 0.1° up to a few degrees. The according range of scattering vectors reaches from an order of 10 4 m -1 to about 10 6 m -1 , where large q-vectors can be achieved easier with a transmission geometry due to intensity considerations. An advantage of larger scattering vectors is that spectral broadening effects due to an uncertainty δq in the scattering vector do not play a role in the higher q-range.
As in many applications of DLS also the variant surface light scattering makes it possible to determine two properties simultaneously, in the case of SLS this measurement is performed without any extra effort and with surface tension and viscosity yields two quantities whose determination by other means requires two completely different sets of experimental equipment. While commonly the kinematic viscosity ν is regarded as the property directly accessible in SLS experiments, it should be stressed that this is only true with the simplifying neglect of gas phase properties. With a proper execution of the method, however, no measurable differences between the values obtained by SLS and conventional methods, in part relying on bulk properties, could be found [12] [13] [14] . This is Figure 15 Liquid kinematic viscosity of toluene under saturation conditions from SLS [14] in comparison with literature data [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] .
Figure 16
Surface tension of alternative refrigerants and their mixtures under saturation conditions from surface light scattering SLS [75] .
pointed up in Fig. 15 , where data from SLS [14] for the liquid kinematic viscosity of the important, and, thus well documented reference fluid toluene under saturation conditions are shown in comparison with available literature data from the last twenty years [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] .
An accuracy of down to 1 % for either property can be obtained with SLS [12] [13] [14] 74 ]. This value is at least comparable with the uncertainty of conventional methods, and together with the unanimous advantage of a simultaneous determination of surface tension and viscosity makes the method interesting also for a routine measurement of these properties of simple fluids and mixtures [12, 20, 37, 38] . An example for measurements on various new pure refrigerants and their mixtures is given in Fig. 16 [75] .
Within the scope of the measurement of transport and other thermophysical properties of fluids, high-viscosity fluids have also been studied using the SLS technique. For highviscosity fluids where an overdamped behavior of surface fluctuations is observed, apart from the limiting case close to the critical damping, the quantity which can be directly evaluated from the SLS experiment is the ratio of the dynamic viscosity to the surface tension. Thus, the derivation of the dynamic viscosity requires reliable information about the surface tension. In Fig. 17 the viscosity of diisodecylphthalate (DIDP) resulting from a combination of data from SLS [76] and the pendant drop method [77] is compared with data obtained by other techniques [77] [78] [79] . The results for DIDP, which has been proposed by the International Association of Transport Properties (IAPT) as a new viscosity standard for high-viscosity fluids, demonstrate the applicability of the SLS technique to fluids covering a wide range of viscosity, from about 10 mPas to 1 Pas with an inaccuracy of smaller than 1 %. Yet, a value of 1 Pas seems not to be the upper limit of the viscosity range that could be investigated by the SLS technique. An estimation Figure 17 Dynamic viscosity of liquid DIDP under saturation conditions from SLS [76] in comparison with literature data [77] [78] [79] .
based on the time domain between a few nanoseconds to several hundred milliseconds where PCS can be applied in a sensible way indicates for the upper limit of the viscosity a value of the order of magnitude of 1 kPas.
Also, apart from studying specific surface properties the contactless operation makes SLS ideally suited for the investigation of high-temperature melts [80] , yet presently with clear limitations in accuracy.
Conclusion
Light scattering techniques have been widely employed for the investigation of diffusive processes and the determination of transport and other thermophysical properties. The reasons for the success of these methods may be summarized as follows. Measurements may be performed in or close to thermodynamic equilibrium, almost without an input of energy. Experiments are conducted in a non-contact mode, allowing access to regions of thermodynamic state which can hardly be probed by other techniques. The methods allow the determination of a wide range of transport and other thermophysical properties, in some instances even simultaneously. The techniques are based on simple and rigid working equations, where the reliability of the measurements can easily be checked. As the state of development is different for the various properties major tasks for future work will be both the routine application of light scattering to data acquisition for interesting samples over a wide range of temperature and pressure and the continuous improvement of the experimental techniques themselves. Specific challenges are further applications to samples like high-temperature melts and the simultaneous determination of several properties within a single experiment.
